they govern tissue morphogenesis in new ways that are not simply defined in terms of their neuronal guidance functions. Here, current information is reviewed on the roles these axon guidance cues play during organogenesis with a focus on four developing tissues: lung, mamLindsay Hinck* Department of Molecular, Cell, and Developmental Biology University of California, Santa Cruz Santa Cruz, California 95064 mary, cardiovascular, and kidney.
. One current hypothesis is that guidance cues establish permissive and restrictive follows gradients of secreted cues present in the ECM. In thinking about the function of these cues during tiszones during early steps of branching morphogenesis. The budding epithelium responds to these zones by sue morphogenesis, it is possible that such flexible interactions between receptor and cue permit active, yet refining the size and shape of the outgrowth, an activity similar to the role these cues play during neural developconstrained, mobility of cells during morphogenetic remodeling. Since these interactions between cue and ment when they shape the architecture of the nervous system by directing the outgrowth of axons. receptor range from adhesive/attractive to anti-adhesive/repulsive and occur between individual cells and Murine lung development begins at embryonic day 9 when two primordial buds composed of an inner endobetween cells and their environment, they could allow for wide-ranging morphological effects; for example, dermal epithelium and an outer mesenchymal jacket grow out of the primitive trachea (Cardoso, 2000). In they could participate in molding and shaping living tissues in 3-dimensional space. It is therefore not surpristhe first stage of lung development, the bronchial tree develops through a process of elongation, branching, ing that, given such a potential for broad-spectrum activity, guidance cues are employed in many contexts and budding, giving rise to four bronchial stems on the right and one on the left. Development continues as throughout development. dichotomous branching establishes the conducting portion of the airways and generates terminal bronchioles.
Lung Branching Morphogenesis: Push-Pull Mechanism of Netrins and Semaphorins
Terminal bronchioles eventually give rise to primitive alveolar ducts that end in terminal sacs, and these ultiThe mammalian lung exemplifies an architectural transformation as it grows from a simple epithelial bud into a mately develop into mature alveolar ducts and alveoli that compose the adult lung. complex tree-like structure designed for gas exchange. 
PLXNA1 apparently interacts in these cells with VEGF pression analysis reveals the source of a cue relative to the neurons that express its receptors. In vitro collagen
receptor type 2, allowing SEMA6D to act synergistically with VEGF to promote migration. In contrast, endothelial gel assays show whether axons, extending from tissue explants containing the cell bodies of these neurons, cells from the ventricular region of the heart are inhibited by SEMA6D, and despite the coexpression of NRP1, are attracted or repelled by the cue. These activities can then be confirmed by examining whether the axons are this inhibition is attributed to an interaction between PLXNA1 and OTK, a receptor tyrosine kinase shown in misguided in mice carrying homozygous null mutations in genes encoding either the cue or its receptor. In conDrosophila to serve as a PLXNA1 coreceptor (Winberg et al., 2001 ). Taken together, these results describe dual trast, in vitro assays for cardiac development are not well developed, and while the analysis of knockout pheroles for SEMA6D that are region specific, opposite in function and dependent on different PLXNA1/corecepnotypes illuminates specific defects, it is difficult to extrapolate from these defects how a specific morphogetor interactions. As such, they contribute to the growing data on the elaborate ways in which Semaphorins signal netic event went awry. Consequently, it is much more difficult to tease out the precise activity of a guidance through Plexins and other receptors to influence cardiac morphogenesis. cue. Take, for example, the formation of the outflow tract, which is disrupted in Sema3c, Nrp1 . These cells nephric mesenchyme induce the bud to grow and branch so that it arborizes into a tree-like collecting duct segregate into populations favoring homotypic interactions, suggesting that forward signaling by EFNB2 system. Signals from the tips of these branches are required for the formation of nephrons, the functional through EPHB4 restricts cell intermingling by mediating repulsive rather than adhesive interactions. These reunits of the kidney. These signals induce disorganized aggregates of mesenchymal cells to undergo a complex sults are consistent with the functional role proposed for EFNB2/EPHB4 signaling in restricting cell movement morphogenesis as they change shape and transition into highly organized epithelial tubules. and establishing cell boundaries in adjacent hindbrain rhombomeres (Xu et al., 1999) . Accordingly, this activity Ureteric bud formation is elicited by the growth factor GDNF, which is secreted by the metanephric mesencould establish or maintain the arterial-venous boundary at the interface between populations of endothelial cells chyme and signals via its receptors expressed in the duct epithelium (Moore et al., 1996; Pichel et al., 1996; expressing EFNB2 and EPHB4. If this is the case, then it suggests that proper boundary formation and mainte- Sanchez et al., 1996) . In the absence of Slit2, multiple ureteric buds form, and due to a similar phenotype presnance is essential for network remodeling, and in the absence of this forward signaling neither venous nor ent in Robo2 Ϫ/Ϫ mice, the data suggest that SLIT2 signals through ROBO2 to suppress supernumerary bud arterial remodeling occurs.
These and other studies on Efnb2 Figure 3) . In with this model is the observation that Gdnf expression is inappropriately maintained in the anterior nephrogenic mesenchyme in Slit2 and Robo2 null homozygotes, and reducing Gdnf gene dosage in Slit2 Ϫ/Ϫ animals rescues the supernumerary ureteric bud phenotype. Since these experiments do not reveal the mechanism underlying SLIT/ROBO signaling, additional studies are required. One possibility is that SLIT2 acts "in character" through ROBO2 to remodel cell contacts by modulating cell adhesion. This remodeling may indirectly affect the expression of genes by communicating with other signaling pathways, such as integrin, that directly control transcription. Alternatively, these data may reflect a new role for SLIT/ROBO signaling in directly regulating, through as yet uncharacterized transduction pathways, the transcription or translation of genes encoding crucial morphogenetic cues. The idea that ROBO signaling may regulate levels of signaling proteins is supported by re- complex structures during organogenesis. Recent studGiven these expression patterns and the chemorepelies analyzing the biological roles of axon guidance cues lent activity of SLITS in the nervous system, one appealoutside the nervous system demonstrate that these ing model was that SLIT2/ROBO2 signaling guides multifunctional cues play diverse roles that profoundly Gdnf-expressing cells by repelling them from the anteinfluence the generation of complex tissues. Studies on rior nephrogenic mesenchyme to the posterior metathe function of these molecules in the nervous system nephric mesenchyme, where they would be appropriprovide valuable conceptual clues about their function ately located to secrete GDNF and elicit bud outgrowth. in other contexts. In general, guidance cues shape the In this model, loss of SLIT2/ROBO2 signaling would architecture of organs. In the nervous system, cues diresult in supernumerary bud formation since Gdnfrect the construction of elaborate networks of connecexpressing cells would be present throughout the mestions by guiding neurons and their axonal and dendritic enchyme rather than properly restricted to the site of projections. In the heart, mammary gland, and lung, cues ureteric bud growth. Studies were performed to test this direct the organization of tissues by regulating cellular model, but it was found that SLIT2 does not appear to interactions. These processes rely on changes in cell-cell act as a chemorepellent for nephrogenic mesenchymal or cell-ECM contact and likely occur through transduction cells (Grieshammer et al., 2004 ). An alternate model in pathways similar to those used in axon guidance. These which SLIT2 acts to eliminate Gdnf-positive cells by pathways lead to cytoskeletal rearrangements that, in inducing cell death was also tested. Few or no dying turn, direct cell motility and adhesion. In contrast, studcells, however, were found in the nephrogenic mesenies in kidney and Drosophila on ROBO signaling highchyme of normal embryos, indicating that this mechalight novel ways for cues to control organ architecture nism is not responsible for restricting 
